INTRODUCTION
Vanadium,V, is a transition metal rather evenly distributed within the Earth's crust. In European topsoils, the average aqua regia-soluble vanadium concentration is 38 mg V kg -1 [1] .
The most important anthropogenic sources of vanadium are associated with the burning of fossil fuels, and its main field of application is in the steel industry, in alloys. Vanadium can exist in a range of oxidation states, from +2 to +5 [2] . In solution, under environmental conditions, mainly vanadium(IV) and vanadium(V) are present [3] . Vanadium(IV), also referred to as vanadyl, is an oxocation that occurs in moderately reducing environments [4] . Under more aerobic conditions, the oxocation of vanadium(V), VO 2 + , prevails at solution pH below 4 whereas the oxyanion vanadate(V), H 2 VO 4 -, dominates above that pH [2] . Structurally, vanadate resembles phosphate and can inhibit phosphate metabolizing systems [5] .
Vanadium toxicity to soil biota is relatively unexplored. Inhibition of nitrification and nitrogen mineralization has been observed at a dose of 250 mg V kg -1 soil on the short-term [6, 7] whereas no such effects were found in a long-term (9 years) contaminated soil [8] . Toxicity of vanadium to plants has mainly been studied in nutrient solution and toxicity starts between 1and
5 mg V L -1 for the most sensitive species [9, 10] . This concentration is well above vanadium concentrations in soil solution that typically are below 0.01 mg V L -1 [11] . In pot trials with spiked soils, there were no toxic effects to collard grown in a loamy sandy soil at the highest dose of 100 mg V kg -1 . However, collard biomass reduction was observed in a sandy soil at 80 mg V kg -1 [10] . Growth of soybean seedlings was affected at 30 mg V kg -1 in one soil whereas no effects were found up to 75 mg V kg -1 in another soil [12] . Toxicity of vanadium to barley and tomato, i.e. 50 % reduced growth, was found at concentrations ranging from 31 to 510 mg added 3 V kg -1 in 3 different soils. Ageing after spiking reduced toxicity and extractable vanadium [13] .
None of the above-mentioned studies assessed the effect of soil properties on vanadium toxicity.
Soil properties clearly affect the fate of vanadium in soil. It is mainly iron and aluminum (hydr)oxides that determine vanadium mobility in soils and waters [14] [15] [16] , and there are indications that vanadate binds somewhat stronger to iron (hydr)oxides than phosphate [17] .
Furthermore, vanadyl can form strong complexes with organic matter and in the presence of organic substances vanadium(V) may be reduced to vanadium(IV), especially at low pH [18] .
Gäbler et al. [11] evaluated the Freundlich sorption parameters for 30 different German soils to which vanadium(V) was added. The concentrations of oxalate-soluble iron, as well as clay and organic matter content, were positively correlated to the vanadium sorption strength of the soils.
In 3 Finnish mineral soils, the maximum vanadium(V) adsorption was observed at approximately pH 4 [19] .
The aim of the present study was to assess the toxicity of freshly added vanadate in soils to different soil organisms and to investigate the relationship between toxicity and vanadium sorption in soils. Five European soils with different properties were spiked with vanadate, toxicity was measured and soil solutions were analyzed for dissolved vanadium. The hypothesis was that lower toxic effects would be observed in response to added vanadate in soils with a strong vanadium sorption. The toxicity to soil microbes was examined using standard assays for nitrification and respiration. Plant toxicity studies were conducted with tomato (Lycopersicon Esculentum Miller) and barley (Hordeum vulgare L.).
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MATERIALS AND METHODS
Soil properties
Five European top soils, selected to cover different soil textures, metal (hydr)oxide content and pH, were sampled between 2007 and 2010 ( Table 1) . The soils were collected with a spade down to 20 cm depth, air-dried at 20-30 °C and sieved (4 mm). A 2 mm sieve was used for the Pustnäs and Säby soils. The soils were stored in plastic containers until further use.
Soil properties were determined simultaneously for all soils. The soil pH was measured in a 0.01 M CaCl 2 extract with a soil:solution ratio of 1:5 and an equilibration time of 2 hours. The organic carbon content was determined by oxidative digestion at 900°C (EA 1110, CE instruments). The carbonate content was measured from developed pressure after adding HCl to the soil in closed vessels containing FeSO 4 as a reducing agent [20] . Soil texture was established using the pipette method according to ISO 11277 guidelines [21] and the effective cation exchange capacity (eCEC) was measured by means of the silver thiourea (AgTU) method [22] .
The vanadium concentrations of the soils were determined by aqua regia digestion and vanadium Soil vanadium concentrations were determined by aqua regia digestions for all soils and vanadium doses (see method above), except for Zwijnaarde in the respiration assay. The soil vanadium concentrations that were further used in the dose-response analysis were referred to as "added vanadium" and represented the difference in aqua regia-extractable vanadium between a spiked and unspiked control soil. The recovery of added vanadium ranged from 70 to 100 % of the nominal dose at concentrations of 32 mg V kg -1 and above. At the nominal doses of 3.2 and 10 mg V kg -1 , the recovery varied widely due to interferences with the vanadium background concentrations of the soils (ranging from 15 to 58 mg V kg -1 ). The added concentrations were therefore set to the nominal levels for these two concentrations in the dose-response analysis.
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Microbial assays
The potential nitrification rate (PNR) assay was performed according to the international standard ISO 14238 [25] . Soils (100 ±5.0 g) were added to plastic pots and mixed with 100 mg 7
Plant assays
The 5-day root elongation test was performed with barley according to the international standard ISO 11269-1 [27] . Triplicate samples of each soil and treatment were weighed (~500 g) and added to plastic pots, in which 10 germinated barley seeds were placed just below the soil surface. The soils were then covered with 1 cm of polypropylene beads to reduce water losses through evaporation. The pots were placed in a randomized fashion in a growth chamber, and subjected to a 16 h light and an 8 h dark cycle with 20°C during the light hours and 16°C during the dark hours. The humidity was set to 70 %, and the light intensity to 650 mol photons m -2 s -1 .
When the seedlings emerged, they were reduced to 5 individuals, which were left to grow for 5
days. The pots were watered on a daily basis by weighing each pot and replacing the water loss.
After 5 days of growing, the plants were removed from the soil and the length of the longest root was recorded for each plant. A mean value of the longest root was calculated per pot and replicate.
Shoot growth assays were performed with summer barley and tomato according to ISO 11269-2 [28] . The soils were fertilized with 50 mg P kg -1 (as KH 2 PO 4 ) and with 100 mg N kg -1 (as KNO 3 ) directly after vanadium spiking. Four pots with each 500 g of soil were used for every treatment. The barley seeds were germinated before sowing (10 per pot), whereas the tomato seeds (20 per pot) were planted ungerminated. The pots were then covered with polypropylene beads to reduce water losses, placed in a randomized fashion in a growth cabinet, and subjected to the same conditions as described above. When seedlings emerged above the surface (after 3 days for barley and after 8 to 11 days for tomato), they were reduced to five individuals per pot.
The plants were then left to grow from 12 to 14 days with daily watering. After the growing period, the plants were cut just above the surface, air-dried at 70°C and then weighed to determine the dry plant weight in each pot.
Soil solution extraction analysis
Soil solution extractions were performed in duplicate from samples used in the barley shoot growth assay, applying the centrifugation method used by Merckx et al. [29] . The soils were adjusted to a water holding capacity of 80-90 % relative to that of their field capacity (pF 2.0), and then incubated for 3 days before the extraction. The control soils and the treatments adjacent to the EC50 threshold values (see below) were extracted. The solutions were filtered (0.45 µm) and then analyzed for pH, major cations (ICP-OES) and anions (ion chromatography, Dionex ICS2000 with AS15 column), non-purgeable organic carbon, and inorganic carbon (using an Analytik Jena Multi N/C 2100 instrument).
Soil sorption isotherms
Vanadium sorption to the soils was determined by batch experiments. In brief, 2.00 ± 0.05 g of air dried soil were added to polypropylene bottles together with a 30 ml solution containing 0.01 M NaNO 3 and seven different concentrations of vanadate (ranging from 0 to 15 mg V L -1 ). The vanadate stock solution was made using NaVO 3 salt. The tubes were equilibrated in room temperature in an end-over-end shaker for 6 days and the samples were thereafter centrifuged in 4000g for 15 min. The supernatant was then removed and a subsample was taken to measure its pH . The remaining of the supernatant was filtered with a (0.2 µm) and analyzed for vanadium with inductively coupled plasma mass spectroscopy (ICP-MS; Varian-Vista Australia Pty. Ltd., Clayton, Victoria, Australia).
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The obtained results were fitted to the Freundlich equation
Here, n (mg kg -1 ) is the total concentration of sorbed vanadium, which is the sum of the vanadium sorbed during the experiment (n sorb ) and the initially sorbed vanadium (n ini ). In addition, c (mg L -1 ) is the measured dissolved vanadium concentration, whereas K F (the Freundlich coefficient) and m (non-ideality parameter) are adjustable parameters. The value of n ini was fitted [30] . In the fitting procedure, n ini , K F and m were optimized through trial-and-error, which involved linear regression on log-transformed values using the trendline tool in Microsoft
Excel.
Statistical analysis
The EC50 values of the added vanadium concentration (X, in mg V kg -1 ) at which a 50 % reduction in response Y occurred were determined with a log-logistic dose-response model
The model parameters, together with standard errors, were determined with the Marquardt method (SAS®, 9.02, SAS institute, Cary, NC, USA). In Equation 2, the C parameter is the response in the control soils (e.g. dry weight of plant) and b is the slope parameter.
The EC10 values (10 % reduction in response) were estimated according to
The parameters and standard errors of the EC10 values were determined with the same procedure as applied for the EC50 values. The soil solution EC50 values, i.e. the vanadium concentration of the soil solution at which a 50 % response reduction was observed, were estimated by linear interpolation between the soil solution vanadium concentrations in the two soil treatments bracketing the EC50 value (mg V kg -1 ).
A single-sided t-test with 95 % confidence limit was used to determine differences in threshold values (EC10 and EC50) among soils. All combinations of soils were tested pairwise and the same test was performed to determine any difference in sensitivity among the plant assays. Pearson correlations between EC50 values and soil properties were determined by using the statistical program Minitab 16.
RESULTS
Vanadium sorption properties
The vanadium sorption properties differed among the 5 soils as shown by the Freundlich sorption isotherms (Figure 1) . Fitted values of the initial vanadium soil concentration n ini , the Freundlich coefficient K F and the non-ideality parameter m are listed in Table 2 . In each soil, the pH value remained constant with a difference smaller than 0.2 units in response to the different vanadium additions (Table 2) . Further, the vanadium concentrations in solution for samples without added vanadium were low and ranged from 0.003 (Guadalajara) to 0.054 mg V L 
Vanadium toxicity
Microbial assays
The microbial activity in the untreated control soils varied by a factor of 5 in the PNR assay and by a factor of 20 in the SIR assay, indicating that the conditions for the microbial population differed among the soils (Table 3 ). There was a negative response to increasing soil vanadium concentrations in all toxicity assays; hormesis effects were not observed. However, the toxic concentration was clearly different depending on the soil. In the PNR assay, EC50 values ranged from 28 (Zwijnaarde) to 690 mg V kg -1 (Säby), i.e. a 24-fold difference between the highest and lowest threshold value. The EC50s in the SIR assay ranged from 200 (Pustnäs) to 580 mg V kg -1 (Guadalajara). The PNR EC10 values were all in the range of the vanadium background concentrations with the exception of the Säby soil. Due to the low nitrification rate in the Zwijnaarde soil, the sensitivity to toxic effects was low after 7 days and substrate limitations were not yet observed after 28 days. Many of the SIR thresholds were uncertain with large standard errors. For example, the SIR EC10 of the Ter Munck soil had a standard error larger than the threshold value.
There was no correlation between vanadium sensitivity and soil properties in the two microbial assays. For instance, the microbial population in the Guadalajara soil was more sensitive to vanadium in the PNR assay then in the Säby soil. The opposite was observed in the SIR assay, for which the vanadium sensitivity was higher in the Säby soil compared to Guadalajara (Table 3 and Figure 2 ).
Plant assays
The average barley root length in the untreated control soils was similar in all soils (Table   4 ). In the shoot growth assay, the biomass yield in the untreated soils varied between 0.49 and 1.06 g dw for barley and between 1.02 and 1.79 g dw for tomato. However, the Guadalajara soil was not included in the tomato shoot growth assay due to unsuccessful emergence (< 70 %). The 
Soil solution
The vanadium toxicity thresholds of the plant assays were positively correlated with the vanadium sorption strength of the soils (Table 5 ). Only five soils were studied, but soils with a stronger vanadium sorption also had higher EC50 values (i.e. comparably lower toxicity), see 13 Figure 3 . In terms of the soil pH, the Guadalajara soil differed from the other soils having a high pH (7.8) . This was related to its carbonate content of 23 %. The EC50 values correlated well to oxalate-extractable iron in all 3 plant assays (Pearson r > 0.97, p < 0.05, Figure 3 ) when the data from the Guadalajara soil was excluded from the linear regression analysis.
The vanadium concentrations in soil solution of the untreated control soils ranged from 0.006 to 0.1 mg L -1 . The difference in the EC50 thresholds among soils was smaller when expressed as soil solution vanadium than when expressed as the added vanadium concentration (Table 4 ). The EC50s in soil solution varied by a factor of 6 in the root elongation assay, by a factor of 3 in the barley shoot growth assay and by a factor of 2 in the tomato shoot growth assay. When based on the added vanadium concentrations the corresponding threshold values varied by a factor of 7, 4 and 10 respectively. In addition, the coefficient of variation (CV) of the EC50s was consistently lower when expressed as dissolved than as added vanadium (Table 4 ).
The plots in Figure 4 illustrate the dose-response curves of the relative response (root length relative to control in %), including all soils in the root elongation assay. The adjusted R 2 , which describes the goodness-of-fit, was higher when the vanadium concentrations were expressed as soil solution vanadium (0.94) then when expressed as the total vanadium concentration in the soil (0.74). In other words, vanadium concentrations in soil solution are a better index for vanadium toxicity than the total soil vanadium concentration.
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DISCUSSION
The present study highlighted that the toxicity of vanadium among different soils decreases as the sorption strength increases. Before elaborating on this, we first compare the toxic thresholds with those obtained in other studies.
The total or added EC10 thresholds, expressed as mg V/kg soil, for microbial processes were in the range of natural vanadium background concentrations, and sometimes even lower.
There are few studies conducted on vanadium toxicity to soil microorganisms, but Liang and
Tabatabai [7] observed between 12 and 62 % inhibition of nitrification in three different soils at vanadium concentrations of 250 mg kg -1 soil. This agrees rather well with the EC50 values obtained in this study that were both below and above 250 mg V kg -1 soil (Table 3 ). Wilke [8] observed no negative effects of vanadium concentrations of 122 mg kg -1 soil (aqua regia) on nitrification in a sandy cambisol. However the study was made on a long-term basis. Hence it is possible that bacteria adapted to the vanadium, and in addition vanadium might have become less bioavailable over time.
In the plant assays, the root elongation test was the least sensitive among the three tests.
This may seem surprising since vanadium mainly accumulates in the roots [31, 32] . However, the root elongation assay was performed for a shorter period of time than the shoot growth assay (5 days and 14 days, respectively), and toxic effects may increase with exposure time [33] .
Tomato plants were more sensitive than barley in the shoot growth assay. Toxicity tests performed with other metals confirms that barley as a monocotyledonous species generally is less sensitive than the dicotyoledonous tomato [34] .
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The vanadium sorption strength, at dissolved vanadium concentrations of 2.5 mg V L -1 , was strongest in the Säby soil and weakest in the Zwijnaarde soil. This may be related to the soil concentration of oxyhydroxides, especially the iron oxyhydroxides [14, 15] . Gäbler et al. [11] observed a relationship between the sorption strength (which they defined as log K F *m) and the sum of oxalate-extractable iron, aluminium and manganese. Oxalate-extractable metals are also important for the bioavailability for other oxyanions such as molybdate and arsenate, though they are not the only controlling factors [35, 36] . In the present study, oxalate-extractable iron appeared to affect sorption strength for 4 of the soils. For the Guadalajara soil, other factors appear to have affected its vanadium sorption properties ( Figure 3 ). The reasonably good relationship between the sorption strength and the toxicity thresholds ( Figure 3 ) confirms that soil-specific vanadium toxicity is strongly related to sorption reactions where iron and aluminium (hydr)oxides play an important role.
Since the geogenic vanadium is less soluble than the added vanadium [13] , it may be risky to estimate potential vanadium toxicity in soils based on thetotal soil concentration. reduced the variation in threshold values among soils [34] . This confirms our earlier study, which reports that the ageing effects of vanadate in soil on plant toxicity are accompanied by changes in vanadium solubility over time [13] , i.e. solubility explains toxicity in soils.
Evaluating vanadium toxicity on a soil solution basis instead of on a soil basis appears to be a more consistent index for toxicity across different soils.
The relatively small differences among the EC50 values expressed as dissolved vanadium probably depend on a number of geochemical factors, including speciation and competition with phosphate. The main fraction of vanadium in soil solution is likely vanadate(V) since the soils were subject to aerobic conditions during the assays, and soil pH was above pH 5. A reduction of added vanadium(V) to vanadium(IV) under these conditions is not likely [2] . Also, based on the previously published study, we can assume that the main fraction of the available vanadium is vanadate(V) [13] . The presence of phosphate may reduce vanadate uptake due to competition [37] and further studies focusing on the interactions between vanadium and phosphorus in soils are required to address this issue.
To summarize, the present study reports vanadium toxicity thresholds (EC50) for higher plants, ranging from 18 to 510 mg V kg -1 with a median of 91 mg V kg -1 , in 5 different soils. The vanadium toxicity to soil microorganisms varied among soils, potentially also affected by difference in microbial communities. Some of the lowest thresholds were in the same range as the aqua regia-soluble vanadium in untreated control soils. The differences in vanadium toxicity among soils were explained by the vanadium sorption capacities of the soils which controlled the bioavailability. Consequently, the vanadium concentration in the soil solution appeared to be a better estimate of the toxic vanadium levels than the vanadium concentrations in the soil. Plant toxicity (EC50) expressed as dissolved vanadium was observed between 0.8 and 15 mg V L -1 , with a median of 2.6 mg V L -1 . In conclusion, vanadium toxicity in soils is controlled by the vanadium sorption strength of the soils and is therefore better and more accurately indicated from the vanadium concentration in soil solution. c m is the non-ideality parameter.
d n ini is the initially sorbed vanadium concentration. The markers are experimental values and curves are log-logistic lines fitted to the entire data-set. R 2 adjusted is 0.79 (left) and 0.94 (right).
